The aim of this study was to determine the effect of various levels of manganese added to the diet of growing turkeys in the conventional form of MnO or in the form of NP-Mn 2 O 3 nanoparticles on growth performance, absorption, and accumulation of Mn, Zn, and Cu, and antioxidant and immune status. The experiment was conducted on 1080 one-day-old Hybrid Converter turkeys randomly assigned to 6 groups with 10 replications, in a two-factor design with three dosages of manganese -100, 50, and 10 mg/kg, and two sources-manganese oxide (MnO) and manganese nanoparticles (NP-Mn 2 O 3 ). Neither reducing the addition of Mn from 100 to 50 or even 10 mg/kg of the diet nor replacing MnO with NP-Mn 2 O 3 had a negative effect on the growth performance of the turkeys. Replacing MnO with NP-Mn 2 O 3 in the turkey diet improved ileal digestibility of Mn and decreased accumulation of Cu in the liver and breast muscle. The study showed that irrespective of the form used, reducing the level of Mn supplementation of the diet from the 100 mg/kg recommended by British United Turkey to 50 or 10 mg/kg decreased its ileal digestibility and increased its accumulation in the liver, breast muscle, and skin. Reducing the addition of Mn to the turkey diet increased intestinal absorption of Zn and reduced accumulation of Zn and Cu in the liver, breast muscle, and skin. It did not increase oxidation processes in the liver or breast muscle of the turkeys. Reducing the addition of Mn to the turkey diet stimulated the immune system, which was manifested by stimulation of B cells to produce immunoglobulin M and by the release of the cytokine IL-6, but did not intensify apoptosis. The results of the study indicate that the recommended manganese supplement in turkey diets can be reduced. The use of manganese nanoparticles in turkey feeding requires further study.
INTRODUCTION
In poultry nutrition, Mn is essential for embryonic development, body weight gain (BWG), bone growth, and reproduction (Olgun, 2017) . It is involved in the metabolism of carbohydrates and lipids, in which it activates enzymes catalysing biochemical transformations, e.g., pyruvate carboxylase, glycoside transferase, agmatinase, arginase, glutamine synthetase, and superoxide dismutase (SOD; Suttle, 2010) . Mn deficiency may result in inhibition of growth, reduced blood cholesterol, anaemia, thyroid enlargement, and hypogonadism (reproductive system dysfunction) (Costanzoa et al., 2016) . In addition, Mn has a very to DNA and induced apoptosis in the testes of these birds, thereby reducing reproductive function (Liu et al., 2013b) . According to a study by Collins and Moran (1999) , the addition of large amounts of Mn to the diet affects the bioavailability of other elements, including Cu, Zn, and Fe, thus limiting the benefits of supplementation with these elements. There have also been reports suggesting that excess Mn in the diet may cause immune suppression and increase apoptosis in poultry (Liu et al., 2012; Liu et al., 2013a, b; Du et al., 2015) .
Due to the beneficial functions of Mn, poultry diets are enriched with this element, usually through the addition of various inorganic or organic forms, e.g., Mn-oxide, Mn-sulphate, Mn-amino acid chelate, or MnBioplex (Bozkurt et al., 2015; Olgun, 2017) . However, there are no studies indicating the physiological properties of Mn nanoparticles (Mn-NPs), including antioxidant and immune effects.
According to the NRC (1994) recommendation, the addition of Mn to the diet for growing turkeys should amount to 60 mg kg −1 of feed throughout the rearing period. British United Turkey (BUT) recommendations are much higher, amounting to 120 mg kg −1 in the first 4 wk of rearing and 100 mg kg −1 after 4 wk. The practice of adding inorganic or organic forms of Mn to poultry diets in amounts that usually exceed NRC (1994) recommendations results in excretion of large amounts of this element into the environment, causing its contamination (Inal et al., 2001; Powers and Angel, 2008; Wang et al., 2008) . Assuming that Mn nanoparticles can affect the body in the same way as macromolecules, due to their smaller size and greater biological reactivity they will potentially be better absorbed, so that the addition of Mn to the diet and consequently its excretion into the environment can be reduced.
The aim of this study was to determine the effect of various levels of manganese added to the diet in the conventional form of manganese oxide (MnO) or in the form of NP-Mn 2 O 3 nanoparticles on growth performance, ileal digestibility, accumulation of Mn, Zn, and Cu, and antioxidant and immune status in growing turkeys.
MATERIAL AND METHODS

Nanomaterial
Manganese nanopowder (NP-Mn 2 O 3 , purity 98+%, 40∼60 nm, spherical, specific surface area 13.5 m 2 /g, bulk density 1.2 g/cm 3 ) was purchased from SkySpring Nanomaterials (USA).
Animals
The slaughterhouse equipment and all procedures were approved by the Local Animal Care and Use Committee (Olsztyn, Poland; permission number 30/2015) .
The subject of the study was 1080 one-day-old Hybrid Converter turkey hens purchased at the Grelavi hatchery in K etrzyn. The birds were randomly assigned to 60 pens with an area of 4.0 m 2 , at 18 individuals per pen. The pens were lined with wood chips. The stocking density was initially 4.50 birds/m 2 . The birds had unlimited access to feed and water, and the environmental conditions were adjusted to the age of the birds and Hybrid recommendations. The experiment was conducted on 6 groups with 10 replications, in a twofactor design with 3 dosages of manganese-100, 50, and 10 mg/kg, and 2 sources-MnO and manganese nanoparticles (NP-Mn 2 O 3 ). The feed was produced by Agrocentrum sp. z o.o. in two stages: (1) as basal feeds without the addition of a premix, and then (2) with vitamin mineral premixes containing the appropriate amount and form of Mn added to the feed for each experimental group.
Growth Trial and Sample Collection
During the experiment, BWG and feed consumption were recorded and calculated on a pen basis. Daily feed intake (DFI) per bird was calculated based on total feed consumption for the pen for the entire experimental period divided by the number of days in the period. Feed conversion ratio (FCR; kg of feed/kg of body weight gain) was calculated on a pen basis from body weight gain and feed consumption.
At 98 d of age, 10 birds representing the average body weight of each group were selected, tagged, and fasted for 8 h. Blood samples were taken from 10 birds from each group (one bird for each replication). Then 10 turkeys per group (one bird representing the average body weight per pen) were killed at a slaughterhouse. The birds (without being transported) were electrically stunned (400 mA, 350 Hz), hung on a shackle line and exsanguinated by a unilateral neck cut severing the right carotid artery and jugular vein. After a 3-min bleeding period, the birds were scalded at 61
• C for 60 s, defeathered in a rotary drum picker for 25 s, and manually eviscerated. Following evisceration, whole carcasses were stored at 4
• C and hand-deboned on a cone 24 h post mortem. Samples of skin were taken. The yields of whole carcass, breast muscles, leg muscles (the thigh and drumstick without skin), heart, liver, gizzard, spleen, bursa of Fabricius, abdominal fat, femur (thigh bone), and drumstick bone were determined relative to live BW.
Laboratory Analysis
Titanium oxide (TiO 2 ) was introduced in order to test the intestinal digestibility of Mn and selected mineral elements in the diets prepared for days 1 to 98. On day 98 of the experiment, 10 birds per pen were randomly selected, stunned, and sacrificed by cervical dislocation. The ileum was dissected from Meckel's diverticulum to the ileo-caeco-colonic junction and the digesta was collected from the distal 2/3 for determination of apparent ileal digestibility (AID). Samples of digesta form all birds within each pen were pooled and immediately frozen (−80
• C) until further analysis. The pooled digesta was freeze-dried before the chemical analysis. The following formula was used to calculate AID:
AID of nutrient = {1 − [(concentration of marker in feed/concentration of marker in ileum) × (concentration of nutrient in ileum/concentration of nutrient in feed)]} × 100%
As described in Ognik and Wertelecki (2012) , the following indicators of antioxidant status were determined in the liver and breast muscle of the turkeys: activity of SOD and catalase (CAT) and the concentrations of lipid peroxides (LOOH), malondialdehyde (MDA), total glutathione (GSH+GSSG), and vitamin C.
In addition, the content of caspase 3 and caspase 8 was determined in the blood using ELISA kits (Cell Biolabs, Inc. San Diego, USA). Immunoglobulin IgM and interleukin IL-6 in the blood were determined in an ELISA reader using assays from Elabscience Biotechnology Co., Ltd. (Houston, Texas, USA). Manganese, copper and zinc concentrations in the samples of liver, breast muscle, and skin, as well as Mn content in the feed mixture, were determined by inductively coupled plasma optical emission spectrometry.
Statistical Analysis. For the statistical analysis of performance parameters, a single pen (n = 10) was considered a replicate experimental unit. For the analysis of parameters, individual birds were treated as experimental units. The analysis of blood parameters was performed on 60 birds representing 10 replications from each of the 6 experimental treatments. Two-way ANOVA was performed to determine the effects of the Mn dose (10, 50, and 100 mg/kg diet) and form (MnO or NP-Mn 2 O 3 ) and the interaction between the two factors (dose x source). The significance of differences between means in groups was estimated by Tukey's multiple range test. Data were processed in the STATISTICA PL 12.0 application.
RESULTS
In the three diets, prepared for days 1-42, 43-70, and 71-98 of turkey rearing, the total content of manganese did not depend on its source (Table 1 ). The difference between the total Mn content in the diets and the amount of supplement used (100, 50, or 10 mg/kg) shows that the basal components of the diet contained in total about 45 mg Mn/kg of feed.
Effect of Manganese Dosage
Mortality was very low (not exceeding 1%) and did not depend on the experimental factors. The final body weight gain of the turkey hens was similar in all groups (Table 2) . Reducing the Mn supple- : vitamin A-15,000 IU; vitamin D3-5000 IU; vitamin E-100 IU; vitamin K3-4 mg; vitamin B1-5 mg; vitamin B2-15 mg; vitamin B6-6 mg; vitamin B12-0.04 mg; nicotinic acid-100 mg; calcium pantothenicum-32.7 mg; folic acid-4 mg; choline-700 mg; biotin.-0.35 mg; Se-0.3 mg; Fe-60 mg; Zn-100 mg; Cu-20 mg; J-1.5 mg; Ca-1.04 g. ment in the turkey diet from 100 to 50 mg/kg and then to 10 mg/kg of feed, irrespective of the form used, increased FCR (P = 0.035) ( Table 2 ) and reduced the carcass yield (P = 0.016) of the turkeys (Table 3) .
Reducing the Mn supplement in the diet from 100 to 50 mg/kg and then to 10 mg/kg decreased ileal digestibility of Mn (P = 0.002) without affecting ileal digestibility of Cu and Zn. The results of two-way ANOVA showed a dose x source interaction for ileal digestibility of Zn (P = 0.008) ( Table 4) .
Reducing the Mn supplement in the diet from 100 to 50 mg/kg and then to 10 mg/kg increased the content of Mn (P = 0.004) and decreased the content of Zn (P = 0.018) in the liver (Table 5 ). In the case of the breast muscle, reducing the Mn supplement from 100 to 50 mg/kg and then to 10 mg/kg increased the content of Mn (P = 0.001) and decreased the content of Cu (P = 0.014). The reduction in the Mn supplement also increased the Mn content in the skin, but the intermediate addition of Mn increased the content of this element in the skin more than the lowest level of supplementation (P < 0.001) ( Table 5 ).
Replacing MnO with the addition of NP-Mn 2 O 3 to the diet did not reduce Mn content in the skin. A dose x source interaction was noted for Mn content in the skin (P = 0.001) due to the fact that a 10-fold reduction in Mn supplementation in the form of MnO increased Mn content in the skin, while a 10-fold reduction in Mn added in the form of NP-Mn 2 O 3 did not (Table 5 ). There was also a dose x source interaction for Zn content (P = 0.011) in the skin due to the fact that reducing the supplement of Mn in the form of MnO from 100 to 10 mg/kg increased the Zn content in the skin, whereas reducing the addition of NP-Mn 2 O 3 to 10 mg/kg reduced the Zn content in the skin. A dose x source interaction was also noted in the case of Cu (P < 0.001) in the liver, due to the fact that reducing the supplement of Mn in the form of MnO from 100 to 50 and then to 10 mg/kg reduced the Cu content in the liver, whereas reducing the addition of NP-Mn 2 O 3 to 50 and to 10 mg/kg increased the Cu content in the liver (Table 5) .
Reducing the Mn supplement in the diet from 100 to 50 and then to 10 mg/kg decreased SOD activity (P < 0.001) and increased CAT activity (P = 0.003) in the liver. In the breast muscle, in addition to a reduction in SOD activity (P = 0.001), a decrease in the MDA level (P < 0.001) was noted as well (Tables 6 and 7 ). In the case of GSH+GSSG content in the liver, dose x source interactions were observed (P = 0.004), due to the fact that reducing the level of Mn added to the diet from 100 to 50 mg/kg in the form of NP-Mn 2 O 3 increased the content of GSH+GSSG, whereas reducing the Mn supplement in the form of MnO from 100 to 50 mg/kg did not have this effect (Table 6 ). The addition of MnO reduced the level of LOOH in the pectoral muscle, but only when the intermediate level of Mn was added to the diet (Mn dose x source interaction, P < 0.001) ( Table 7) .
Reducing the addition of Mn to the turkey diet from 100 to 50 mg/kg lowered the plasma levels of Casp 3 and Casp 8 (both P < 0.001). Dose x source interactions were found for the Casp 3 (P = 0.029) and Casp 8 (P = 0.030) levels (Table 8) . A dose x source interaction was noted for Casp 3, because the reduction in the Mn supplement in the form of NP-Mn 2 O 3 from 100 to 50 and 10 mg/kg resulted in a decrease in the plasma content of this protein, while a decrease in MnO supplementation to 10 mg/kg increase content of Casp 3. A dose x source interaction was noted also for Casp 8, because the reduction in the Mn supplement in the form of NP-Mn 2 O 3 from 100 to 10 mg/kg resulted in a decrease in the plasma content of this protein, while a decrease in MnO supplementation to 10 mg/kg did not cause such an effect. Dose x source interactions were found for the plasma IgM (P < 0.001) and IL-6 (P = 0.025) levels (Table 8 ). The significant dose x source interactions were due to the fact that the level of these parameters was influenced by both the dose of the additive and its source, but their effect on the same parameter was different, as confirmed by one-way ANOVA. The intermediate and smallest addition of NP-Mn 2 O 3 to the turkey diet increased plasma IgM levels, whereas the IgM level in the plasma of turkeys receiving the MnO supplement increased only in the case of the intermediate addition of MnO. Reducing the Mn supplement in the form of MnO from 100 to 50 and then to 10 mg/kg increased the plasma IL-6 level, while in the case of the NP-Mn 2 O 3 supplement, the plasma level of IL-6 did not increase until the supplementation was reduced to 10 mg/kg.
Effect of Manganese Source
Replacing MnO with NP-Mn 2 O 3 contributed to greater femur weight (P = 0.001; Table 3 ) and also improved ileal digestibility of Mn (P = 0.045; Table 4 ). Replacing MnO with NP-Mn 2 O 3 resulted in a decrease in Cu content in the breast muscle (P = 0.013) and in SOD activity in the liver and breast muscle (P = 0.040 and P = 0.018), and an increase in GSH+GSSG content (P = 0.013) in the breast muscle (Tables 6 and 7) .
DISCUSSION
Previous experiments on broiler chickens have shown that the addition of various chemical forms of Mn to the diet in amounts up to 250 mg/kg did not improve feed conversion or increase growth rates (Bertechini and Hossain, 1992; Berta et al., 2004; Olgun, 2017) , whereas Mn added in high amounts (400 mg/kg and more) has had an unfavourable effect on chicken production results (Sunder et al., 2006; Yan and Waldroup, 2006) . Collins and Moran, (1999) , in a study on broiler chickens whose diet was supplemented with Mn at 180 mg/kg, found no effect of this additive on body weight, FCR, mortality, or carcass parameters (such as carcass weight or the amount of abdominal fat). Berta et al. (2004) , adding 30, 60, or 240 mg/kg of manganese in the form of MnO and Mn-fumarate to chicken feed, also found that neither increasing the addition of Mn to the feed nor replacing the traditional form of MnO with an Mn-fumarate complex had any effect on body weight, FCR, or mortality. Similarly, Bertechini and Hossain (1992) , after adding manganese to the diet of chickens in an amount four times higher than the NRC (1994) recommendation, in the traditional form of MnO or as MnSO 4 , found that neither the form used nor the increase in the amount added affected the feed consumption or growth performance of the birds. Similarly, Mn supplementation (100-500 mg/kg) of a basal diet containing Mn concentrations at 19-23 mg/kg did not improve ADG, feed intake or FCR in broiler chickens . Ghosh et al. (2016) showed that adding Mn in the amount of 50, 75 and 100 mg/kg to a chicken diet containing 25 mg/kg of Mn had no effect on feed intake or growth performance. Luo et al. (1992) , on the other hand, reported an improvement in growth performance as a result of Mn supplementation of the chicken diet. In the present study, although the decrease in Mn supplementation increased FCR (with a significant difference between 100 and 10 mg/kg), the final body weight of the turkeys and their survival rate did not depend on the Mn level in the diets. Our research also found no negative effect on the growth performance of turkeys when the traditional form of MnO added to feed was replaced with manganese in the form of Mn 2 O 3 nanoparticles. However, reducing the addition of Mn, irrespective of the form used, caused a decrease in the dressing percentage of the turkeys, while replacement of MnO with NP-Mn 2 O 3 resulted in increased femur weight. Mn is necessary for the maturation of bones and cartilage (Nielsen, 2006) . The beneficial effect of the addition of NP-Mn 2 O 3 on femur weight in turkeys may also be explained by the fact that Mn in this form was better absorbed than Mn in the form of MnO. The accumulation of this element in the bones linearly increases with the level of supplementation and is dependent on the bioavailability of the chemical form of the element (Berta et al., 2004) . Many researchers have confirmed that Mn supplementation in the diet of poultry increases bone mass and improves morphometric characteristics, thereby reducing the incidence of dyschondroplasia in poultry kept at high stocking densities (El-Husseiny et al., 2012; Bozkurt et al., 2015) . Halpin and Baker (1986) showed that the content of Mn in the basal diet and the level of supplementation of poultry diets with various forms of Mn affect the absorption of Mn from the intestines. It is generally accepted that chicks absorb Mn less efficiently than mammals (Settle et al., 1968) . Research using everted intestinal sacs (Ji et al., 2006a) and ligated loops (Ji et al., 2006a) has shown that the ileum is the main intestinal absorption site in the small intestine of Mn-deficient birds. However, the mechanisms of Mn absorption in different intestinal regions of birds are not known. Bertechini and Hossain (1992) found no difference in the bioavailability of Mn due to the increased addition of various chemical forms of Mn to the diet of chickens. Our research found that reducing the addition of Mn to the diet of chickens 10-fold with respect to BUT recommendations resulted in a decrease in ileal digestibility of this element, but only by 2%, whereas ileal digestibility of Zn was improved using MnO and impaired using NP-Mn 2 O 3 . This may be due to increased diffusion and greater availability of channels and transport proteins for Zn in the enterocytes, as the mechanism of absorption of these elements in the intestine takes place via the same channels or mediated by the same transport proteins (Trinder et al., 2000) . Yu et al. (1994) , who studied Mn absorption using animal models, concluded that diffusion was a major element of the absorption process, although other mechanisms were also involved. Numerous studies (Conrad et al., 2000; Trinder et al., 2000; Knopfel et al., 2005) have shown that Mn released from the stomach into the duodenum, as in the case of Fe, Cu, and Zn, can be transported through the microvilli to the enterocytes via the DMT1 transporter, known as divalent cation transporter 1 or natural resistanceassociated macrophage protein 2 (Roth et al., 2002; Roth and Garrick 2003) and by the transferrin receptor system (TfR) (Fitsanakis et al. 2010) . Shawki et al. (2015) found that intestinal DMT1 is not required for the absorption of Mn, Cu, or Zn, because Mn can also be transported by the Zip 14 transporter (Pinilla-Tenas et al., 2011; , which is used to transport Fe, Mn, and Zn, but not Cu. In our study, reducing the addition of Mn to the turkey diet did not affect the intestinal availability of Cu. Hence there is a high probability that the reduced absorption of Mn resulting from the reduced level of this element added to the turkey diet increased intestinal absorption of Zn via the Zip 14 transporter, and thus increased the availability of DMT1 for the absorption of Cu, which can additionally be absorbed by the Ctr1 transporter (Shawki et al., 2015; . Our study also showed better ileal digestibility of NP-Mn 2 O 3 than of MnO. Previous research on poultry has shown that the chemical form of Mn affects the availability of this element. Organic forms of Mn have been shown to be better absorbed than inorganic forms (Li et al., 2004; Li et al., 2005; Lu et al., 2006; Ji et al., 2006b) . Mn in the form of nanoparticles, due to their small size, may be better absorbed than inorganic or organic Mn in the form of macromolecules. Small particle sizes more easily penetrate biological membranes and show greater biological activity Ognik et al., 2017; Kulak et al. 2018a,b) .
At the same time, our research showed that irrespective of the form of Mn added, a reduction in the Mn supplement, despite decreasing ileal digestibility of this element, resulted in greater accumulation of Mn in the liver, breast muscle, and skin. In turkeys, in response to the reduction in the Mn supplement in relation to the requirement for this element, an adaptive mechanism may have developed (e.g., increased mobilization of transport proteins) to increase the deposition of Mn in tissues. Nischwitz et al. (2008) report that 55% of Mn circulating in the blood is bound to albumin or transferrin (Tf). Via the Tf receptor (TRf-ME), which is the carrier for Mn, this element can be absorbed faster into brain, liver, heart, or other cells than through diffusion or endocytosis (Gunter et al., 2006) . Our results also indicate that when Mn is added to the poultry diet, Mn is distributed and retained in the tissues in the amount necessary to cover the body's demand for this element, while the excess is excreted from the body. Settle et al. (1968) and Bai et al. (2008) report that the effectiveness of intestinal absorption of Mn decreased as the Mn concentration increased in chicken diets. In addition, research by Berta et al. (2004) showed that increasing Mn supplementation of chicken diets does not proportionately increase its accumulation in all tissues, because the excess may be unabsorbed and excreted. Although the authors of the study found that Mn supplementation exceeding the level recommended by the NRC (1994) by 180 mg/kg increased the Mn content in the plasma and feathers of the chickens, they did not observe increased content of Mn in the kidneys, heart, or breast muscle.
Experiments by other authors (Zheng et al., 1999; Collins et al., 2010) indicate that Mn influences Fe and Cu metabolism at both the cellular and systemic level. Previous research (Barnham and Bush, 2008; Salvador et al., 2010) has shown that prolonged exposure of the body to Mn may disturb the homeostasis of these elements, causing an increase in the content of Cu in the tissues. An increase in Cu content in the serum, brain and liver of rats receiving high doses of Mn was noted by Lai et al. (1999) , while in non-human primates, an increase in Cu content in these tissues was reported by Guilarte et al. (2006) . Lebda et al. (2012) , suggested that only sub-acute Mn toxicity can cause an increase in the content of Cu in the blood and other tissues. In our experiment, reducing the addition of Mn to the turkey diet, which relatively increased the content of this element in the tissues examined, did not cause an increase in Cu content. In contrast, the content of Cu in the breast muscle and in the skin was found to be reduced. Furthermore, reducing the MnO supplement caused a decrease in Cu content in the liver, while reducing the NP-Mn 2 O 3 supplement resulted in an increase in Cu content in this organ. A study by Zhang et al. (2002) carried out on rats showed that increasing Mn intake in the diet may cause a decrease in Zn content in the tissues. On the other hand, many other studies in rats have indicated that Mn supplementation may cause Zn content to increase in tissues (Garcia et al., 2006; Guilarte et al., 2006; Guilarte and Chen, 2007) . Our research showed that the content of Zn in the liver decreased as the addition of Mn to the turkey diet decreased. Reducing the addition of MnO increased the Zn content in the skin, while reduced supplementation with NP-Mn 2 O 3 resulted in a decrease in Zn content in this tissue.
The results of the experiments of many authors (Lu et al., 2007; Liu et al., 2013a) indicate that Mn plays an important role in the body's antioxidant defence. As an enzymatic cofactor of SOD (Mn-SOD), it is involved in protecting cells against damage caused by free oxygen radicals. An increase in Mn supplementation of the poultry diet to exceed the growth requirements of the birds (100 mg/kg diet and more) has been shown to decrease the level of lipid peroxidation products and increase the activity of antioxidant enzymes Lu et al., 2007; Li et al., 2011; Bai et al., 2014; Bozkurt et al., 2015) . However, no similar effect was observed in other experiments on poultry (Liu et al., 2013b; Fouad et al., 2016) in which the basal diet was supplemented with Mn in amounts exceeding the recommendations of the NRC (1994). The authors of the studies noted a decrease in the activity of the antioxidant enzymes SOD and GPx and an increase in the plasma content of MDA (Liu et al., 2013a) , or observed no effect on these blood indicators (Fouad et al., 2016) . In our experiment, although the decrease in Mn supplementation reduced SOD activity in the liver and the breast muscle, the level of MDA in the breast muscle decreased. The reduction in Mn supplementation of the turkey diet resulted in an increase in CAT activity in the liver, but did not increase MDA levels in the cells of this organ. Replacing MnO with NP-Mn 2 O 3 resulted in a greater reduction in SOD activity in the liver and the breast muscle, while increasing GSH+GSSG content in the breast muscle. At high concentrations, oxidation products (H 2 O 2 ) are broken down into water and molecular oxygen by CAT (Liu et al., 2013a) . Reducing the addition of Mn to the turkey diet may have reduced SOD activity in the liver, which intensified oxidation reactions and mobilized CAT to break down the resulting oxidation products. CAT activity increases during lipid peroxidation reactions (Ognik and Krauze, 2016) .
Research by other authors has shown that both an excess and a deficiency of Mn in the diet may induce oxidative stress reactions (Sinha and Khare, 2013) . During oxidative stress, in the mitochondria, besides the increased level of oxidants, there is also an increase in release of cytochrome c, which can activate Casp 8 and 9, which in turn activate Casp 3, an apoptotic effector protein (Zhu et al., 2016; Mchichi et al. 2007) . Mn accumulated in the endoplasmic reticulum of the cell may increase the level of proteins activating Casp 12, which, like Casp 8 and 9, can activate Casp 3. Accumulated Mn in the cytoplasm can activate the kinase PKCδ, which activates Casp 8, which in turn activates Casp 3 (Circu and Aw, 2010; Smith et al., 2017) . Our research shows that neither the reduction in Mn supplementation of the turkey diet nor the replacement of MnO by NP-Mn 2 O 3 led to activation of the apoptosis caspase cascade, as indicated by the decrease in the plasma level of Casp 8 and 3 following the experimental treatments. Our previous research has shown that replacing MnO with NP-Mn 2 O 3 in turkey diets can probably increase apoptosis in young turkeys. On the other hand, irrespective of the form of Mn used, reducing supplementation of the turkey diet with this element from 100 to 50 and even to 10 mg/kg can probably reduce apoptosis (Jankowski et al., 2018) .
It is assumed that Mn can accumulate in immunocompetent organs, interfere with the balance of trace elements, and consequently induce immune suppression (Liu et al., 2012) . Kehl-Fie and Skaar (2010) emphasize that there is little information about the effect of manganese deficiency on the immune system of animals. In our experiment, an increase in the plasma level of IL-6 in the turkeys receiving Mn in the form of MnO was achieved when the supplement was reduced from 100 to 50 mg/kg, while in the turkeys receiving the NP-Mn 2 O 3 supplement, an increase in the plasma level of IL-6 was obtained only when the supplement was reduced to 10 mg/kg. The experiment also showed that the content of IgM in the blood plasma of the turkeys increased due to the reduction in Mn supplementation of the diet (especially in the form of NP-Mn 2 O 3 ). Research presented by Zhang et al. (2010) and by Dodd and Filipov (2011) showed that the addition of Mn to the diet of poultry in amounts greater than the requirement for this element increases phagocytosis by macrophages and NK cells, and also increases the expression of pro-inflammatory cytokines IL-1β, IL-6, IL-8, and IFN-γ. Gajula et al. (2011) argue that Mn supplementation of the diet of chickens increases their antibody titres. The increase in the content of IgM observed in our experiment may indicate stimulation of B lymphocytes, either as a result of direct interaction with Mn or indirectly via cytokines released from macrophages or other phagocytes. Since the increase in IgM was correlated with the increase in IL-6, the increase in the level of immunoglobulin M may have been the result of stimulation of phagocytes by the increased content of lipid oxidation products in the blood.
CONCLUSIONS
Neither reducing the Mn supplement from 100 mg/kg to 50 or even 10 mg/kg of the diet nor replacing MnO with NP-Mn 2 O 3 had a negative effect on the growth performance of the turkeys. Replacing MnO with NPMn 2 O 3 improved the ileal digestibility of Mn and decreased accumulation of Cu in the liver and breast muscle of the turkeys. The study showed that irrespective of the form used, reducing the level of Mn supplementation of the diet of turkeys from the 100 mg/kg recommended by BUT to 50 or 10 mg/kg decreased its ileal digestibility and increased its accumulation in the liver, breast muscle, and skin.
Reducing the addition of Mn to the turkey diet increased intestinal absorption of Zn and reduced accumulation of Zn and Cu in the liver, breast muscle and skin. It did not increase oxidation processes in the liver or breast muscle of the turkeys. Reducing the addition of Mn to the turkey diet stimulated the immune system, which was manifested by stimulation of B cells to produce immunoglobulin M and by the release of the cytokine IL-6, but did not intensify apoptosis.
The results of the study indicate that it is possible to reduce the recommended level of manganese supplementation in turkey diets, in the form of MnO or NPMn 2 O 3 . Although Mn in the form of NP-Mn 2 O 3 shows better ileal digestibility, the use of manganese nanoparticles in turkey feeding (even in lower doses) requires further study. Commercially available metal nanoparticles differ in size, in the methods used to produce them, and in their media, and therefore the results of the study should not be generalized to other types of nanoparticles.
